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KEY WORDS Abstract  Extracellular vesicles (EVs) are phospholipid bilayer vesicles actively secreted by cells, that
contain a variety of functional nucleic acids, proteins, and lipids, and are important mediums of intercel-
lular communication. Based on their natural properties, EVs can not only retain the pharmacological ef-
Extracellular vesicles: fects of their source cells but also serve as natural delivery carriers. Among them, plant-derived
Therapeutic agents; nanovesicles (PNVs) are characterized as natural disease therapeutics with many advantages such as
Drug delivery systems; simplicity, safety, eco-friendliness, low cost, and low toxicity due to their abundant resources, large yield,
Clinical application and low risk of immunogenicity in vivo. This review systematically introduces the biogenesis, isolation
methods, physical characterization, and components of PNVs, and describes their administration and
cellular uptake as therapeutic agents. We highlight the therapeutic potential of PN'Vs as therapeutic agents
and drug delivery carriers, including anti-inflammatory, anticancer, wound healing, regeneration, and
antiaging properties as well as their potential use in the treatment of liver disease and COVID-19. Finally,
the toxicity and immunogenicity, the current clinical application, and the possible challenges in the future
development of PNVs were analyzed. We expect the functions of PNVs to be further explored to promote
clinical translation, thereby facilitating the development of a new framework for the treatment of human
diseases.
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1. Introduction

Extracellular vesicles (EVs) are phospholipid bilayer vesicles
secreted by cells, that encapsulate a variety of functional nucleic
acids, proteins, and other components, and have similar physio-
logical functions to their source cells; they are important media-
tors of intercellular communication, mediating information
transfer and material exchange in prokaryotes and higher eu-
karyotes'”. EVs have been extensively studied in different sci-
entific fields, such as drug delivery systems (DDSs), disease
treatment, and clinical diagnosis, and have been applied in the
treatment of cancer, cardiovascular diseases, neurodegenerative
diseases, and tissue repair”*. EVs are physiologically active and
can avoid phagocytosis of the reticuloendothelial system, pene-
trate biomembrane barriers, and prolong the half-life of drugs™®.
However, the clinical potential of mammalian cell-derived extra-
cellular vesicles (MEVs) is plagued by the complex extraction
process, low yield, and high cost. Therefore, the search for easily
available and high-yield sources of EVs has become a hot topic for
researchers in recent years.

Plant-derived vesicles are abundant in resources, with low
production costs and high yield. Regarding safety, plant-derived
vesicles do not harbour any zoonotic or human pathogens and
have lower immune risks in vivo’. They are natural disease ther-
apeutics that combine many advantages such as simplicity, safety,
eco-friendliness, low cost, and low toxicityg. In 2009, when
exosome-like vesicles of 50—200 nm containing lectins involved
in inflammation, cancer, and autoimmunity were extracted from
sunflower by differential centrifugation, the research on plant-
derived vesicles in the field of biomedicine officially entered a
stage of rapid development’. The research results can confirm the
vigorous development of plant-derived vesicles: (1) The same
kind of plant-derived vesicles have been discovered and used in
many fields. For example, ginger-derived vesicles can regulate
proinflammatory cytokines to improve the symptoms of colitis in
mice, inhibit the activation of microglia to treat encephalitis in
hyperlipidaemic mice, and release phosphoric acid by reacting
with proteins to treat chronic periodontitis'®~'?; (2) More unex-
pected species of plant-derived vesicles are being developed for
disease treatment, such as those from tea ﬂowers'3, aloesM,
corn'®, beetroots'®, shiitake mushrooms'’, blueberries'®, etc.

As the storage of DNA, RNA, lipids, proteins, and other
molecules, plant-derived vesicles are closely involved in plant
growth and development, defence response, cargo delivery, and
plant-microbe symbiosis, which means that they effectively pro-
tect the carried components and direct them to the target site'**".
Naturally, the research on plant-derived vesicles mainly focuses
on the study of plant physiological and pathological processes and
their application in the biomedical field. These two directions
complement each other and jointly promote our deeper under-
standing of plant-derived vesicles, and this article focuses on the
latter. Most of the plant-derived vesicles currently used in the
biomedical field are extracted by destroying plant tissue, which is
a mixture of artificially produced vesicles and native EVs. And

there is still no establishment of the exact biogenesis pathway of
plant-derived vesicles, so there is no clear way to distinguish
artificially produced vesicles from plant EVs. Therefore, it is not
entirely appropriate to refer to them collectively as plant EVs.
Specifically, we focus on the therapeutic function of plant-derived
vesicles, which are not specific secretory pathways, extraction
methods, and sizes, so we collectively call them “plant-derived
nanovesicles” (PNVs)>'. In this review, the biogenesis, isolation
methods, physical characterization, components, drug adminis-
tration, and cell uptake of PNVs are analyzed in detail. Emphasis
is placed on elucidating the potential of PNVs as disease thera-
peutics and promising DDSs through recent studies. Finally, we
put forward our unique views on the toxicity and immunogenicity,
clinical application, opportunities, and challenges in the future
development of PNVs.

2. Biogenesis of PNVs

According to their intracellular origin, biological function, and
biophysical properties, MEVs can be divided into exosomes from
the endosomal pathway (50—150 nm), microvesicles produced
through the outward budding of the cell membrane
(150—1000 nm), and apoptotic bodies generated by apoptotic
processes triggered by programmed cell death (1—1.5 pm)™*.
The existence of cell walls suggests that plant cells have more
complex modes of communication than MEVs, which means that
it is difficult to explore the mechanism of PNV formation. Sources
of PNVs pieced together by existing studies include multivesicular
bodies (MVBs), exocyst-positive organelles (EXPOs), vacuoles,
and autophagosomes'’.

MVBs are late endosomes encapsulating intraluminal vesicles
(ILVs), which are regulated by the endosomal sorting complex
required for transport (ESCRT)*. The MVB pathway of plant
cells is similar to the exosome production pathway of mammalian
cells. When plant tissue is infected by barley powdery mildew
fungus (Blumeria graminis f. sp. hordei, Bgh), MVBs release
exosome-like vesicles by fusing with the plasma membrane (PM)
or secreting them to specific infection sites>*. Studies have shown
that the MVBs released by plants at the site of fungal infection are
marked with ARA6 (a plant unique Rab5 GTPase) and
Tetraspanin-8 (TET-8)>>*°. The former is located at the infection
site and remains on the PM for the next round of transport, while
the latter is located on the released vesicles, which is similar to the
mammalian cell-derived exosome marker CD63 and is expected to
be a plant exosome marker. In addition, plant-microbe symbiosis
also promotes the fusion of MBVs with the host-derived peri-
arbuscular membrane (PAM), which is continuous with the PM
and releases the ILVs to the periarbuscular space between plants
and fungi. Another class of PNVs derived from a new organelle,
EXPOs, which was discovered by an Arabidopsis homologue
expressing exocyst protein Exo70E2 in suspension cells of Ara-
bidopsis and tobacco”’. EXPOs are morphologically distinct from
MVBs and independent of endosomes and autophagosomes, but
the Exo70E2-GFP signal does not colocalize with any known
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organelle markers; therefore, its biological origin has not been
demonstrated. After fusion with the PM, EXPOs release vesicles
into the extracellular space, which are 200—500 nm larger than
exosomes>®. Recently, the colocalization of glycosyltransferases
with EXPO markers in tobacco suggested that EXPO-derived
vesicles may be involved in the secretion of arabinogalactan
proteins in plants. In addition, studies have shown that ILVs also
exist in vacuoles and contain SRNA and defense-related proteins
(Fig. 1); autophagosomes involved in unconventional protein
secretion (UPS) in yeast are secreted out of cells™.

3. Isolation and stability of PNVs

3.1.  Isolation of PNVs

Isolation refers to the isolation of PNV and non-PNV components
and different types of PNVs from each other through different
techniques®”. The International Society for Extracellular Vesicles
(ISEV) has classified EV isolation methods according to recovery
and specificity’’. An appropriate isolation method should be
selected according to the key experimental issues and the final use
of the vesicles, among which basic research and clinical
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application are the bases for the selection of methods. When
identifying specific markers or functions of specific vesicles,
highly specific isolation methods are needed, and when certain
biomarkers and functions do not directly correlate with the
enrichment of vesicles, recovery should be a priority’' .
Currently, there is no perfect method that takes into account both
recovery and specificity. The existing PNV isolation methods are

summarized as follows (Fig. 2).

3.1.1.  Pretreatment before PNVs isolation

Plants come from a wide variety of sources, and PNVs can also be
extracted from seeds, roots, stems, fruits, leaves, and other parts of
different plants; therefore, specific pretreatment of different parts
of different plants is required before the isolation operation. Juicy
fruits (such as grapefruit** and lemon®’) can be directly squeezed
after cleaning to obtain initial samples of PNVs. Plant roots and
stems (such as ginseng’® and ginger’’) are hard and have little
juice, and thus samples need to be obtained by a combined grinder
and juicer; an appropriate amount of PBS should be added in the
process to promote the production of juice. Plant leaves and seeds
(such as Arabidopsis thaliana leaves’® and sunflower seeds’) need
to undergo a vacuum infiltration-centrifugation procedure in an
infiltration buffer to obtain apoplastic fluids before subsequent

Figure1 Biogenesis of plant-derived nanovesicles. (1) Secretion of EXPO; (2)a MVBs are secreted to designated sites of infection; (2)b MBVs
fuse with host-derived PAM; (3) Vacuole fuses with PM to release ILV. EHM, extrahaustorial membrane; ER, endoplasmic reticulum; ESCRT,
endosomal sorting complex required for transport; EXPO, exocyst-positive organelle; PAM, peri-arbuscular membrane; PM, plasma membrane;

TGN, trans-Golgi network.
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Figure 2

Isolation and preparation of plant-derived nanovesicles. Plant-derived nanovesicles were isolated and purified by (A1) differential

ultracentrifugation, (A2) sucrose gradient centrifugation, (B) ultrafiltration, (C) size exclusion chromatography, and (D) immunoaffinity capture.

operations. For the specific operation process, please refer to
. 3
previous studies™”*°.

3.1.2.  Differential ultracentrifugation

According to a global survey in 2015, differential ultracentrifu-
gation is the most commonly used EV isolation method, which has
high repeatability and minimal impact on samples*'. The number,
size, and purity of vesicles vary greatly among plant species, so
the choice of centrifugation speed cannot be limited to a certain
set of protocols, but needs to be tailored for specific plants.
Routine steps: (1) 500—3000 xg low-speed centrifugation for
10—15 min to remove large particles such as plant fibers; (2)
2000—10,000 x g medium-speed centrifugation for 20—40 min to
remove cell debris; and (3) 100,000—150,000 xg high-speed
centrifugation for 1.5—2 h to obtain PNVs (Fig. 2A1). The
speed and time of the centrifugation are gradually increased, and
0.22- or 0.45-micron pore size filters can be used in the middle of
the centrifugation step to ensure the purity of the PNVs. In
addition, in order to prevent damage to the morphology and
structure of PNVs by forceful centrifugation, it is necessary to lay
a thin layer of sucrose cushion at the bottom of the centrifuge
tube*?.

It should be noted that the ultrahigh speed and ultralong time
of ultracentrifugation may lead to the coprecipitation of protein or
protein/RNA aggregates; therefore, density gradient centrifugation
with sucrose or iodixanol is usually combined after differential
ultracentrifugation (Fig. 2A2)****. While purifying PNVs, this
method can also separate PNVs with different particle sizes in a
solution interlayer of a specific density. Usually, the sample so-
lution to be separated is added to the centrifuge tube, and the
needle then is inserted into the bottom of the tube to add the
gradient solution (8%, 30%, 45%, 60%) in order from low to high
concentration. Ultracentrifugation is then performed®**. However,
experiments involving ultracentrifugation require high-level lab-
oratories and professional operators, which are expensive and

difficult to popularize in all regions™.

3.1.3.  Size-based isolation

Ultrafiltration is a typical PNV isolation method based on size and
molecular weight, which takes the pressure difference between the
two sides of the membrane as the driving force and the ultrafil-
tration membrane as the filter medium to purify, separate, and
concentrate the original solution under a certain pressure
(Fig. 2B)*"*°. Researchers used a 100K filter to extract high-
purity, near-circular PNVs from the leaves and stems of Den-
dropanax morbifera®®. This method is simple to perform and
eliminates the limitations of ultracentrifugation using large
equipment. However, it should be noted that the samples with
more PNVs and miscellaneous proteins easily block the filter
membrane and affect the recycling of the filter, so the method is
more suitable for thinner samples with more juice.

Size exclusion chromatography (SEC) is a technique for
separating molecules or particles based on their hydrodynamic
volume (Fig. 2C)°"*?. The researchers compared the ability of
ultracentrifugation, polyethylene glycol precipitation, and ultra-
filtration combined with SEC to extract PNVs from cabbage. In
terms of purity, SEC yielded results that were more than 20 times
higher than those derived from the other two methods. SEC is
considered the most standard method for the isolation of PNVs,
which guarantees the highest purity without loss of yield, and is
now used for the extraction of PNVs from tomatoes, cucumbers,
and peppers”>~*.

3.1.4.  Immunoaffinity capture

Immunoaffinity capture is the most advanced method for the
isolation of specific types of PNVs (Fig. 2D). This method uses
antibodies to capture PNVs with specific proteins on the surface,
which can significantly improve the enrichment of vesicles car-
rying specific proteins and achieve precise isolation of PNVs>®.
Recently, He et al.*” coated magnetic beads with antibodies tar-
geting the PNV marker TETS, which specifically recognizes the
EC2 domain of TETS, and successfully extracted TET8-positive

PNVs from samples after ultracentrifugation.
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3.1.5.  Other isolation methods

Polyethylene glycol precipitation is often used to extract exo-
somes from mammalian cells’’%. Now, researchers use it to
extract ginger-derived PNVs (GgPNVs). The results show that the
biological characteristics and material composition of GgPNVs
are similar to those of ultracentrifugation, and the yield of PNVs
extracted by PEG6000 is higher than that of PNVs extracted by
PEG8000 and PEG4000°°. Recently, the research team also used
an exosome isolation kit to extract vesicles from ginger and
cherry, usually combined with low-speed differential centrifuga-
tion, and the sample was centrifuged through a 0.45-um micro-
membrane before adding precipitation reagent®”®'. In addition,
Saver et al.%” used an aqueous two-phase system containing PEG/
dextran to separate grapefruit-derived PNVs (GfPNVs). The
characteristics of the commonly used methods for isolating PNVs
are shown in Table 1763,

3.1.6. Combined isolation method

There are more macromolecules (such as cellulose and starch) in
plant extracts, and the components are more complex, which
renders the extraction of vesicles more difficult®’". The combi-
nation of different isolation methods may extract nanovesicles
with higher purity than a single method, and therefore the com-
bined isolation method has been deeply explored and applied in
recent years. The most common is the combination of differential
ultracentrifugation and ultrafiltration, which has a wide range of
applications, low cost and power consumption, and a high degree
of product standardization’'. Fikrettin Sahin’s team’ combined
an exosome isolation kit with a size-based isolation method. First,
the PNVs were crudely extracted using the exosome purification
kit, and the extract was then resuspended and passed through a
0.22-um filter membrane. The particle size of the vesicles isolated
by this method was between 40 and 100 nm, and the shape was
uniformly spherical. Yang et al.”” combined electrophoresis and
dialysis, put the extracted supernatant into a 300 kDa dialysis bag,
and then placed it into a 300 mA current. After 30 min, the

direction of the current was changed to successfully separate
lemon-derived PNVs (LPNVs) and bitter melon-derived PNVs
(BmPNVs).

3.2.  Stability of PNVs

The development of an appropriate PNV extraction method is the
first step to the success of the experiment, and how to choose the
matrix used for EV extraction and how to store are the keys to
determining the stability of PNVs’*. The activity and size of
PNVs, ie., biological stability and physical stability, are the
criteria for measuring stability, while storage temperature and
living environment are important factors affecting the stability of
PNVs’®. In 2013, the ISEV suggested storing samples at —80 °C
and using PBS as the matrix. However, in 2018, it no longer
promoted specific methods but recommended that specific
schemes should be described more accurately by considering the
nature of different types of vesicles’'. Indeed, there is no
consensus on the impact of storage on EVs function and proper-
ties. Recently, Gelibter et al.’® evaluated the effects of —80 °C
storage, cryoprotective agents, and freeze—thaw cycles on vesi-
cles, showing that —80 °C freezing resulted in a time-dependent
increase in vesicle size (there was no difference between the
four-week storage vesicles and fresh vesicles, but there was a
significant change over six months). GFPNVs remained stable for
more than one month even at 4 °C storage77. Second, the addition
of cryoprotectants and the freezing and thawing rates had little
effect on the properties of EVs, while the number of EVs
decreased and the particle size increased when the number of
freeze—thaw cycles exceeded one’®. Our unpublished research
also found that the particle size of ginseng-derived PNVs
(GsPNVs) increased slightly and the vesicle fragments increased
during the second freezing and thawing.

The stability of EVs in their environment is the key to their
functioning, and PNVs have the advantage of being stable in
different conditions. Edible tea flower-derived PNVs showed no

Table 1  Advantages and disadvantages of main isolation methods for plant-derived nanovesicles.

Method Equipment Advantage Disadvantage Ref.

Differential ultracentrifugation Ultracentrifuge Low cost; large sample capacity;  Time-consuming; equipment 63
high sample capacity dependence; complexity

Density gradient Ultracentrifuge High purity; high separation Time-consuming; equipment 64
efficiency; less affected by dependence; complex process; loss
miscellaneous components of sample; low yield

Ultrafiltration Ultrafiltration membrane  Fast procedure; no limitations on  Vesicles trapping; loss of PNVs; 65
sample volume; pure preparations; possibility of clogging
low cost

Size exclusion chromatography =~ Chromatographic column Purity; reproducibility; preserves Complexity; limitations on sample 54
vesicle integrity; scalability; volume; specialized equipment; a
prevents PNVs aggregation small number of samples; high cost

Immunoaffinity capture Magnetic bead, antibody Purity and high selectivity; High reagent cost; low yields; 66
convenient operation; low cost difficult to analyze complete

vesicles

Polyethylene glycol precipitation Polyethylene glycol The simplicity of procedure; low  Retention and contamination of the 67
cost; preservation of PNVs polymer
integrity

Exosome isolation kit Exosome isolation kit Suitable for small samples; simple Impurity; low production; 68

steps; fast procedure

expensive reagents

PNVs, plant-derived nanovesicles.



Biomedical functions and application potential of plant-derived nanovesicles 3305

change in zeta potential or particle size in simulated fluid in the
stomach, small intestine, and colon and remained stable in the
gastrointestinal tract and blood after oral or intravenous injec-
tion'”. In contrast, the particle size of GgPNVs increased from
177.9 to 348.5 nm in the stomach-like solution (pH~2.0) and
further to 507.7 nm in the small intestine-like solution, and the
zeta potential of PNVs changed from negative to positive in
stomach-like solution and reversed to negative in small intestine-
like solution'®. Although different pH can change the size and zeta
potential of PNVs, PNVs are still nanoscale in size, with good
stability, and the potential changes conform to their natural
properties. In addition, the stability of PNVs in the gastrointestinal
tract suggests that PNVs may be high-quality carriers of nutrients
in fruits and vegetables, which confirms that PNVs may have
unexpected advantages as oral DDS. In addition to the results of
particle size and potential, we believe that the evaluation of the
composition, activity, and function of PNVs is also indispensable
because the comprehensive evaluation of stability is one of the key
contents of the clinical transformation of PNVs.

4. Characterization of PNVs

4.1.  Physical characterization

The quantification and characterization of PNVs after isolation aid
in determining whether they can be used for disease treatment.
The particle size range of PNVs is larger than that of MEVs and
varies greatly due to different plant species; however, the size
distribution of PNVs whether natural or reconstituted by extrusion
and other methods is usually 30—500 nm’®. The sizes of kiwifruit,
lemon, grapefruit, and blood orange PNVs obtained by differential
ultracentrifugation were detected by nanoparticle tracking analysis
(NTA). Although the number of PNVs from conventional agri-
culture and organic agriculture differed, the average particle size
ranged from 140 to 220 nm’’. Dynamic light scattering (DLS) is
also a commonly used technique to determine the size distribution
curve of small particles in suspensions. The researchers combined
DLS and NTA to determine the size distribution of PNVs derived
from the stems and leaves of bitter gourd while determining the
concentration of PNVs. The numbers of PNVs extracted from
stems and leaves (4.98 x 10%g and 1.53 x 10%/g, respectively)
were different, but the particle sizes were similar, both in the range
of 30—200 nm’". It is worth mentioning that PNVs have a wide
range of particle size, so the method of obtaining uniform particle
size by recombination methods such as extrusion have been
developed rapidly.

The zeta potential of PNVs generally ranges from —100 to
0 mV, indicating that PN'Vs can exist independently of each other
without aggregation®. The average zeta potential of 190 nm
PNVs from Asparagus cochinchinensis (Lour.) Merr. is —21 mV,
the average potential of broccoli-derived PNVs (BPNVs) is
—17.1 mV, and the average potential of aloe vera-derived PNVs
(AVPNVs) is only —7.4 mV'**"*2 Even among the PNVs of the
same family, there are obvious differences, the average zeta po-
tential of turmeric-derived PNVs is —21.7 mV, while the zeta
potential of GgPNVs is —26.6 mV'%’. However, the zeta po-
tentials of PNVs of the same genus were similar. The average zeta
potentials of Rabex- and Cabex-derived PNVs are —15.2 and
—14.8 mV, respectively™.

Most of the PNVs obtained by direct extraction were similar in
shape to cells and had a spherical lipid bilayer structure, a feature

shared by MEVs and PNVs. The structure of the reconstituted
PNVs after lipid extraction was similar to that after natural
extraction, but the GfPNVs exhibited a round multilayer flower-
like structure’’. The size and structural advantages of PNVs
suggest their potential as therapeutic agents or drug delivery ve-
hicles to treat diseases by intravenous injection and oral
administration.

4.2.  Identification of components

PNVs contain components such as lipids, proteins, and nucleic
acids. Due to their complexity and heterogeneity, there is
currently no database of PNV components®’. However, identi-
fying the natural compounds contained in PNVs is essential to
explain the mechanisms underlying their multifaceted thera-
peutic effects.

4.2.1. Lipids

Lipids are one of the most important components of EVs, but
PNVs contain different lipid components from MEVs. The lipids
contained in MEVs are mainly phosphatidylcholine (PC) and
cholesterol, but the specific ratio is related to the source cell. The
lipid composition of different PNVs varies®* °. The lipidomics of
GsPNVs showed that they were rich in digalactosyl mono-
acylglycerol (59.4%), phosphatidyl ethanolamine (6.8%), and
ceramide (Cer, 13.8%), while aloe gel-derived PNVs had the
highest content of glucose ceramide (43.55%), followed by Cer
(14.98%), phosphatidic acid (18.12%) and PC (3.85%)'**".
Moreover, the lipid composition of PNVs is an important
contributor to their role as therapeutic agents. PA in GgPNVs
binds to HBP35 protein in Porphyromonas gingivalis, thereby
inhibiting the growth of P. gingivalis and effectively treating
periodontitis'>. The Cer of GsPNVs affects macrophage polari-
zation by activating TLR4, ultimately reversing the immunosup-
pressive tumor microenvironment®’.

4.2.2.  Proteins

Protein secretion is necessary for cells to perform normal life
activities, and is usually divided into conventional protein
secretion (CPS) and UPS. In plant cells, CPS starts from the
endoplasmic reticulum, with proteins then passing through the
Golgi apparatus and the trans-Golgi network (TGN) and, finally,
secreted from the plasma membrane into the extracellular
space®®. UPS usually refers to the secretion of proteins that do
not signal peptides or other cytosolic substances, which is also
one of the important pathways leading to the formation of
PNVs'?® Most of the proteins contained in PNVs are cyto-
plasmic proteins (actin, protease) and membrane proteins
(aquaporin), which can be used as channels and transporters’’. A
large number of proteins exist on the surface of PNVs and
mediate intercellular communication, but there is currently no
clear specific marker for PNVs. The protein content of PNVs is
lower than that of MEVs, both of which have the same type of
protein, but the protein composition is quite different. Citrus
PNVs contain heat shock proteins commonly found in MEVs,
but there is only a 56.7% of protein overlap between the PNV
protein dataset and the exosome database ExoCarta’'**>. More-
over, PNVs proteins (such as aquaporins) can improve the sta-
bility of PNVs, so the analysis of the protein composition of
PNVs is of great significance for the development of drug de-
livery carriers based on PNVs”.
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4.2.3.  RNAs

PNVs are associated with a variety of RNAs and can deliver these
molecules to target sites to affect gene expression. PNVs can
transfer SRNAs into fungal cells, and 31 of the 42 transferred host
sRNAs have existed in PNVs™* . The transferred host SRNA was
not digested by nucleases, indicating that the SRNA is present within
the PNVs rather than on the surface’®. RNA-binding proteins
(AGOL1, RH11, RH37) and sRNAs are enriched in TETS8-positive
PNVs, and these RNA-binding proteins contribute to the selective
sorting and stabilization of sSRNAs within PNVs*’. MiRNAs are also
sRNAs of approximately 22 nt, that exist in various bodily fluids
through active secretion or passive leakage through membrane
structures, and can bind to mammalian target mRNAs to play a role
in cross-border communication”’. GsPNVs were used as carriers to
efficiently transfer 20 kinds of miRNAs into bone marrow mesen-
chymal stem cells (BMSCs), and regulate 19 target genes in
BMSCs, including Tmem100, Vrkl, and LOC103689968, which
are related to neural differentiation, maturation, and functionaliza-
tion’. MiR-4057 in honey-derived PNV can effectively inhibit the
activity of the NLRP3 inflammasome”®. Plant miRNA 3’-ends are
naturally modified by 2'-O-methylation to protect them from
degradation and uridylation, so they are more stable than animal
miRNA in most environments, which reveals the potential of plant
miRNA as a disease therapeutic agent””'%.

5. Administration and cellular uptake of PNVs
5.1.  Administration of PNVs

The mode of administration is closely related to the type of dis-
ease and the nature of the therapeutic carrier'’'. Different modes
of administration affect drug distribution'">. Compared with the
control group, GsPNVs were mainly located in the liver and
spleen 72 h after intravenous (i.v.) and intraperitoneal (i.p.)
administration, and mainly in the stomach and intestine after
intragastric (i.g.) administration, but no signal was detected in the
heart, lung, kidney, or brain with the three administration
methods®’. Honey-derived PNVs successfully alleviated the in-
flammatory symptoms of mice with acute liver injury by i.p., but
the absorption of bioactive components in the gastrointestinal tract
and the anti-inflammatory function of honey-derived PNVs by the
oral route need to be further investigated”®. The oral approach is
very popular because of good patient compliance, a wide treat-
ment window, and convenient administration, but its efficacy for
most diseases is limited; thus, it is at a disadvantage in
nanocarrier-targeted drug delivery research'®'®*. Surprisingly,
recent studies have shown that oral administration of edible tea
flowers-derived PNVs (TfPNVs) in the high-dose group achieved
the same therapeutic effect as i.v. injection on breast cancer lung
metastasis model mice, but the Simpson index of the former group
was higher than that of the latter, indicating that the oral route
increased the abundance and diversity of gastrointestinal micro-
biota'®. Coincidentally, GgPNVs have incomparable advantages
in the treatment of colitis by oral route compared with the i.v.
injection or systemic route, such as the absence of damage to the
skin and mucous membranes, fewer adverse reactions, and can be

preferentially located in the inflamed colon'’.

5.2.  Cellular uptake of PNVs

The interaction between PNVs and receptor cells is the key factor
for their effective utilization after administration. It is generally

believed that EVs interact with recipient cells through fusion and
surface protein interactions that trigger signal transduction in
target cells, activation of EV-bound surface proteins, and endo-
cytosis'?. Endocytosis is the main method by which PNVs play a
role with high cell-type specificity. RAW 264.2 and colon 26
uptake GgPNVs via caveole-mediated endocytosis with endocy-
tosis efficiencies of 98% and 91%, respectively'®. HepG2 cells
mainly take up A. cochinchinensis-derived PNVs through mac-
ropinocytosis®’. The uptake of GfPNVs by A549 cells was
inhibited by cytochalasin D, nocodazole, and chlorpromazine,
suggesting that tumor cells internalize PNVs through clathrin-
mediated endocytosis and macropinocytosis’’. Cellular uptake of
PNVs is also closely related to the protein expression level on the
cell surface. After the downregulation of CD48 on the surface of
hepatocellular carcinoma cells, the endocytosis of garlic-derived
PNVs decreased significantly'®. In addition, the pathway of
cellular internalization of PNVs is most likely a bioactive process,
because the uptake efficiency of LPNVs decreases significantly at
4 °C, while GfPNVs were efficiently taken up at 37 °C and slowly
taken up at 4 and 20 °C"*"’.

6. PNVs as therapeutic agents

Fresh plant materials can provide the nutrients needed by the
human body, including proteins, vitamins, and minerals, and the
active substances (such as phenols and polysaccharides) contained
in plants are a natural treasure trove for disease treatment'*”'*%,
PNVs have been shown to have similar pharmacological effects to
those of the original plant, and can protect its components, thus
achieving effective delivery to the target site (Fig. 3).

6.1. Antitumor

Due to the stubborn drug resistance of tumors and the side effects
of drugs, the development of antineoplastic drugs is still a difficult
problem faced by scientists'®''"". In recent years, PNVs have
been widely studied due to their safe source, low side effects, and
good antitumor efficacy. PNVs derived from A. cochinchinensis
can suppress tumor proliferation, upregulate the apoptosis-related
factor caspase-9 in hepatocellular carcinoma cells, and induce
apoptosis. Because of its special tumor-selective inhibition activ-
ity, the damage to normal hepatocytes is negligible®'. Corn-
derived PNVs synergistically exert antitumor effects through the
indirect effect of activating immune cells such as macrophages to
infiltrate tumor cells to produce the proinflammatory cytokine
tumor necrosis factor o (TNF-«) and the direct effect of inhibiting
colon 26 cell proliferation'”.

Increased intracellular reactive oxygen species (ROS) content
not only triggers mitochondrial damage but also arrests the cell
cycle, thereby exhibiting anti-proliferative, anti-migratory, and
anti-invasive activities against cancer cells. BmPNVs trigger ROS-
mediated cancer cell death by increasing the Ca*" concentration
while downregulating NLRP3 expression, enhancing cytotoxicity,
and reversing the drug resistance caused by oral squamous cell
carcinoma. The production of ROS is mediated by MAP30 pro-
tein, and the downregulating of NLRP3 is related to 11 micro-
RNAs. The concentration of protein and RNA in bitter melon juice
was more than 100-fold higher than that of BmPNVs, but their
therapeutic effects were similar in the same volume, indicating the
strong antitumor activity of BmPNVs and their great potential as
therapeutic agents'''. The combined action of the rich bioactive
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components (proteins, lipids, polyphenols) of tea flower-derived
PNVs triggers high oxidative stress in breast cancer cells, lead-
ing to mitochondrial damage and cell cycle arrest'”. Coinciden-
tally, LPNVs mediated S-phase arrest of the cell cycle by
upregulating GADD45A in gastric cancer cells, and promoted the
production of ROS in gastric cancer cells, leading to apoptosis’”.

Folic acid (FA)-modified GfPNVs can target folate receptor-
positive GL-26 brain tumors through nasal administration, and use
its miR17 to downregulate the expression of MHC I on GL-26
cells, so as to activate NK cells and delay the growth of brain
tumors™*. Studies have shown that GFPNVs contain docosahexa-
enoic acid, which has been shown to block G1 and/or G2M cell
cycle progression in leukaemia, breast, pancreatic, neuroblastoma,

and colorectal cancer cells' 2.

6.2.  Anti-inflammation

Inflammation generally occurs locally, but local lesions interact
with the whole body. Severe inflammation often causes systemic
reactions such as fever, leukocytosis, and parenchymal organ
disease. Therefore, if the inflammation is not controlled, it will
develop into acute or chronic diseases, affecting the normal
functioning of the body'"’.

Studies have shown that PNVs derived from fruits and vege-
tables contain miR156a-5p, miR166a-3p, miR168a-5p, and other
RNAs, which can be absorbed by mammalian intestinal epithelial
cells, suggesting that the RNAs carried by PNVs can act on the
gastrointestinal tract''*. Turmeric-derived PNVs showed the po-
tential to weaken injury factors and promote protective factors by
inhibiting TNF-q, IL-6, and IL-18 and upregulating the expression
of antioxidant haem oxygenase-1 (HO-1), resulting in ameliora-
tion of inflammatory symptoms and accelerated regression of
colitis in mice (Fig. 4)'°. Interestingly, turmeric-derived PNVs
recovered normal levels of anti-inflammatory cytokines and
myeloperoxidase in the damaged intestinal mucosa'’. Another
study showed that lipids in GgPNVs blocked NLRP3 inflamma-
some assembly by inhibiting downstream pathways (caspase 1
autocleavage, interleukin-18, and IL-18 secretion, and pyroptotic
cell death) of the NLRP3 inflammasome''”. Therefore, GgPNVs
are considered to be new and effective drugs to block the assembly
and activation of the NLRP3 inflammasome.

l ~ = 9 Anti-tumor
- % Anti-inflammation
- 9 Regeneration and wound healing

- 9 Treatment of liver diseases

- % Anti-aging

L et ] R i [

- ¥ Treatment of COVID-19

Plant-derived nanovesicles with targeting capabilities as drug delivery carriers for various diseases.

The gut microbiome and its metabolites play a role in the
occurrence and development of intestinal diseases by inducing
inflammation and immune disorders''®. The miRNAs in GgPNVs
can promote the reproduction of Lactobacillus and affect its
metabolism, thereby producing more ligands for aryl hydrocarbon
receptors. Activation of aryl hydrocarbon receptors allows intes-
tinal tissue to produce more IL-22, which in turn allows the gut to
secrete more mucus and prevents bacteria from adhering to the
intestinal epithelium (Fig. 5)''". Clostridioides difficile infection
(CDI) causes antibiotic-associated colitis. Lemon-derived PNV-
manipulated rhamnobacter GG and Streptococcus thermophilus
ST-21 reduce CDI mortality by increasing bile resistance and gut
survivability mediated by PNVs''®,

In addition to colitis diseases, PA and miRNA in GgPNVs can
also bind to hemin-binding protein 35 (involved in biofilm devel-
opment, epithelial surface colonization, and haem uptake) on the
surface of P. gingivalis, reducing gingival periodontal pain activity
and haemagglutinin expression of P. gingivalis, thereby alleviating
symptoms of chronic periodontitis in mice'?. Bhut Jolokia has po-
tential anti-arthritic activity, but local adverse reactions seriously
affect its availability. The Bhut Jolokia-derived PNVs (ethosomal
nanovesicles) were significantly better than the commercially
available capsaicin preparation Thermagel in reducing joint
swelling and pain, as well as tolerance and acceptance, and have

potential as a topical analgesic and antiarthritis drug''’.

6.3.  Regeneration and wound healing

Research on PNVs in regeneration and wound healing has been
extensively and deeply studied in recent years. GsPNVs deliver 20
kinds of miRNAs to BMSCs, upregulates PI3K signaling to pro-
mote nerve recovery, increase nerve regeneration by promoting
the expression of neurotrophin and affecting the Ras/Erk pathway,
and finally stimulate the neural differentiation, maturation, and
sensory function of BMSCs. GsPNVs serve as an RNA transport
platform, effectively overcoming the limitations of traditional
RNA delivery strategies’.

HaCaT cells are epidermal keratinocytes, that play an impor-
tant role in wound healing. Citrus paradisi-derived PNVs contain
antioxidant and anti-inflammatory molecules that increase HaCaT
cell viability and reduce intracellular ROS generation in a dose-
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Figure 5

Ginger-derived PNVs in the treatment of colitis. (A) Schematic of the mechanism of PNVs treatment of colitis. (B)—(F) GNVs/

GELN-RNAs had superior protection against DSS-induced mouse colitis. (B) Representative colons of treated mice. (C) Proliferation of LGG
treated with GNVs/GELN-RNAs over time. (D) Body weight. GELN-RNAs vs. scrambled RNAs. (E) Survival of mice after administration of
2.5% DSS in drinking water. (F) Colon H&E-stained sections of treated mice. Reprinted with permission from Ref. 117. Copyright © 2018

Elsevier Inc.

dependent manner, which can stimulate HaCaT cell migration and
increase the expression of wound-healing-related genes, proteins,
and cytokines. In addition, angiogenesis is key to wound healing
because nutrients are transported between cells normally when
blood vessels are formed and endothelial cells are activated. Citrus
paradisi-derived PNVs can promote the angiogenesis of human
umbilical vein endothelial cells, which is a breakthrough in the
treatment of skin wound healing®”. Another study yielded similar
results. Wheat grass-derived PNVs at 200 pg/mL produced
amazing pro-proliferation and migration effects on the human
dermal fibroblast cell line, HaCaT, and HUVECs, and increased
the miRNA level of collagen type I, promoting collagen produc-
tion. Meanwhile, wheat grass-derived PNVs increased the for-
mation of endothelial tubular structures’”.

There are also studies on the role of PNVs in wound healing
and regeneration from other mechanisms. Bacteria adhering to
contact surfaces can lead to impaired wound healing, while the
antibiofilm effect of bee-derived PNVs can be combined with their
promigratory activity to treat clinical wound healing. Notably, the
migration of stem cells to the wound site to assist in immune
regulation, recruitment, and regeneration of fibroblasts is a critical
step in wound healing, and bee-derived PNVs can be internalized

by mesenchymal stem cells and facilitate their migration'>’.

6.4.  Treatment of liver diseases

PNVs have the potential to prevent and treat many types of liver
diseases. MiR-4057 in honey-derived PNVs can inhibit the for-
mation and activation of NLRP3 inflammasome in mice, and
attenuate the inflammatory response caused by acute liver

injury”®. Likewise, shiitake mushroom-derived PNVs prevented
the formation of inflammasomes in macrophages, thereby inhib-
iting the activation of the NLRP3 inflammasome, while reducing
the RNA and protein levels of the Il11b gene and the secretion of
interleukin-6. Interestingly, pretreatment with shiitake mushroom-
derived PNVs protected mice from lipopolysaccharide (LPS) and
p-galactosamine-induced liver injury'”.

LPS, one of the inducers of hepatitis and colitis, can increase
the expression levels of the inflammatory factors IL-6 and IFN-v,
while garlic-derived PNV treatment inhibited the expression of
these two factors in HepG2 cells. After treatment, IL-6 and IFN-y
mRNA levels were close to the baseline, indicating that garlic-
derived PNVs have a strong anti-inflammatory ability'. In
addition, the uptake of garlic-derived PNVs by HepG2 cells was
positively correlated with the expression of cell surface CD9S,
which may be an inducible receptor for nonalcoholic fatty liver
disease (NAFLD), suggesting that garlic-derived PNVs have a
wide range of anti-hepatitis potential'>'. In addition to LPS,
alcohol is also an important inducer of liver damage. The abun-
dant shogaol in GgPNVs induces nuclear factor erythroid 2-
related factor 2 (regulating stem cell homeostasis, drug meta-
bolism, and antioxidant) nuclear translocation in target stem cells
through the TLR4/TRIF pathway, resulting in liver detoxification/
antioxidant gene expression while inhibiting ROS expression, and
effectively preventing alcoholic liver injury”’.

6.5. Anti-aging

There is an increasing demand for antiaging products to reduce the
production of melanin on the market, and plant-derived products
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have become potential substitutes for chemical products because
of their high content of antioxidants and few side effects'*”.
GsPNVs improved the replicative senescence or senescence-
related pigment phenotype of human melanocytes and skin fi-
broblasts by downregulating senescence-related factors and
melanogenesis-associated proteins®. Leaf-derived PNVs of D.
morbifera reduced the expression of melanogenesis-related genes
and proteins (tyrosinase, microphthalmia-associated transcription
factors TRP-1 and TRP-2) in a concentration-dependent manner.
Surprisingly, D. morbifera-derived PNVs obtained stronger
melanin inhibition than arbutin in a human epidermal model’.
Studies have shown that the total antioxidant capacity, catalase,
ascorbic acid, glutathione, and superoxide dismutase 1 contents of
PNVs derived from fruit mixtures are high, and the antioxidant
levels of PNVs derived from organic fruits were proven to be
higher than those of PNVs from traditional agricultural sources. It
is worth mentioning that after chemical and physical cleavage of
fruit-derived PNVs, there is almost no change in morphology and
antioxidant components, which is expected to be used as a ther-
apeutic agent for diseases related to ageing and oxidative stress’.
Fragaria x ananassa-derived PNVs contain a large number of
anthocyanins, vitamin C, FA, and flavonols, which have a strong
antioxidant capacity and can protect the response of human MSCs
to oxidative stress'>’. Citrus-derived PN'Vs also contain vitamin C
(0.009 nmol vitamin C/pg PNVs) but have a lower content than
Fragaria x ananassa-derived PNVs (0.416 nmol vitamin C/pg
PNVs); thus, the latter has an advantage in preventing oxidative
stress in human cells*. Hyaluronic acid can retain water mole-
cules, effectively inhibiting ageing. Beta vulgaris extract-derived
PNVs promoted fibroblasts to upregulate the expression of hya-
luronan synthase enzyme 2 while increasing the ratio of collagen 3

to collagen 1, which is a hallmark of anti-scarring effects'®.

6.6.  The treatment of COVID-19

Since 2019, the corona virus disease 2019 (COVID-19) has swept
the world. It is caused by SARS-CoV-2, which belongs to the
family of coronaviruses, and there is currently no effective drug
against the virus'>*. Researchers have considered the potential of
PNVs for the treatment of COVID-19 because of their natural
active ingredients'>>. The study identified 22 miRNAs in the
GgPNVs and GfPNVs that may target the SARS-CoV-2 genome,
and 11 of them showed specific targeting ability to SARS-CoV-2.
Lung epithelial cells can spontaneously uptake miRNAs encap-
sulated by PNVs and exhibit inhibition of SARS-CoV-2 infection
in vitro and in vivo'*°. In addition, studies have shown that PNVs
from pear, soybean, cantaloupe, and tomato contain 6—7 miRNAs
targeting SARS-CoV-2, and pea, blueberry, and grapefruit also
contain 3—4 related genes. Whether these PNVs can treat COVID-
19 needs to be further explored'”’. Moreover, SARS-CoV-2
Nspl2 Nspl3-derived exosomes (exosomes “P'?NP13) can be
absorbed by pulmonary macrophages and activate nuclear factor
kB (NF-kB) and a series of inflammatory factors. The miRNA aly-
miR396a-5p in GgPNVs can be preferentially absorbed by pul-
monary epithelial cells and macrophages to eliminate exoso-
mes ™ PI2NPI3_induced pneumonia'?®,

6.7. Treatment of other diseases
Ocxidative stress results from an imbalance between the cellular

antioxidant response and the production of ROS. Myocardial
hypoxia/reoxygenation causes oxidative stress in myocardial

tissue, leading to cardiovascular disease (heart failure, cardiac
hypertrophy, cardiomyocyte apoptosis)'*’. Carrot-derived PNVs
can effectively inhibit the production of ROS and apoptosis caused
by oxidative stress in H9C2 heart-derived cells and have great
potential in the treatment of diseases caused by ROS production
and aberrant apoptosis including myocardial infarction'*".
Abnormal apoptosis is also a culprit in Alzheimer’s and Parkin-
son’s disease. Cabbage-derived PNVs contain anti-apoptotic
components that resist aberrant apoptosis and protect cells from
stress by inhibiting the activation of caspase-3’. Moreover,
GgPNVs were easily absorbed by microglia after oral adminis-
tration and inhibited the cGAS/STING/IDO1/AHR inflammatory
signaling cascade, thereby improving brain inflammation and
obesity symptoms in high-fat diet mice. Mice treated with
PNVs exhibited enhanced insulin sensitivity and increased
memory function''. Research on PNVs as therapeutic agents for

the treatment of various diseases has endlessly emerged in
10—13,15—1 34,36,37,50,60,62,72,73,81,82 9.
recent years (Table 27-'07!%15718. 34.36.37.50.60,62.72.73.81.82.87.98,

106,111,115,118,119,123,126,128,131 143)

7. PNVs as nanocarriers for therapeutic agents
7.1. PNV modifications and their advantages in drug delivery

After the discovery of the cross-kingdom communication talents of
PNVs (e.g., anti-inflammatory, antitumor, anti-aging), more scien-
tists have been attracted to studying their potential as DDSs'*.
Compared with artificial carriers, PNVs have the advantages of
higher circulation stability, good rigidity, suitable morphology,
ability to cross biological barriers, low immunogenicity, and low
toxicity’. The clinical application of EVs to the human body re-
quires extremely large quantities. MEVs are obtained through cell
culture, which is costly in large-scale production and has a long
acquisition cycle, while PNVs can be obtained in large quantities in
a short period under the conditions that confer the advantages of
MEVs, and have greater application potential'*°.

Studies have shown that at the same lipid concentration, the
effect of GgPNVs on cell proliferation was significantly lower
than that of commercially available cationic liposomes'*®. More-
over, under the acidic pH condition of the tumor microenviron-
ment, the drug release efficiency of GgPNVs was faster than that
of commercial liposomes, which laid a solid foundation for their
use as a new generation of drug delivery carriers. PNVs can bind
to hydrophobic agents such as FA, curcumin, and zymosan A
without altering their biological activities'*’. After modification
with FA, the fluorescence intensity of PNVs in tumors was
increased by 2.8-fold, and the Ki67-positive cells were reduced
from 64.67% to 10%, showing stronger antitumor efficacy'*°. In
addition, PNVs also possess unique targeting capabilities. Garlic-
derived PNVs can be preferentially and selectively taken up by
microglia in HFD mice and further inhibit the activation of cells,
which provides hope for their development as excellent thera-
peutic carriers for brain diseases''. The relevant studies of PNVs
as DDSs are shown in Table 3'#2361.77.146.1487150

7.2. PNVs as drug delivery carriers

7.2.1.  Delivery of therapeutic drugs

Drug therapy still lacks vectors that can efficiently transfect
target cells without generating host immune responses, while
PNVs are expected to compensate for the shortcomings of current
drug carriers because of the above advantages. The in vivo
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Table 2  Plant-derived nanovesicles as therapeutic agents.
Source Sample Application Biological function Ref.
Ginseng Root juice Anti-aging Improved the replicative senescent or 36
senescence-associated pigmented
phenotypes
Regeneration Stimulated the neural differentiation, 7
maturation, and sensory function acquisition
of BMSCs
Anti-melanoma Promoted the polarization of M2 to M1 87
phenotype and produce total reactive
oxygen species
Anti-tumor Enhanced PD-1 mAb anti-tumor efficacy in 131
activating tumor-infiltrated T lymphocytes
Grapefruit Fruit juice Wound healing Increased cell viability and cell migration 62
while reducing intracellular ROS production
in a dose-dependent manner
Anti-melanoma Caused cell cycle arrest at the G2/M 132
checkpoint
Anti-brain tumor Delivered miR17 to the brain and is 34
selectively taken up by GL-26 tumor cells
Anti-liver metastasis of Acted as an inhibitor for liver metastasis 133
colon cancer through induction of M1 macrophages
Anti-COVID-19 Targeted SARS-CoV-2 genome to inhibit 126
SARS-CoV-2 infection
Grape Fruit juice, seed juice Anti-oxidative Counteracted the oxidative damages 134
induced in Caco-2 cells by using hydrogen
peroxide
Anti-colitis Mediated intestinal remodeling and 135
prevention of colitis induced by sodium
dextran sulfate
Blueberry Fruit juice Protect vascular system Inhibited TNF-a-induced ROS generation, 18
and modulated TNF-a-induced expression
of 29 genes
Strawberry Fruit juice Identified homologous sequences Fra a 1 136
and Fra a 4 of strawberry allergens
Fruit juice Anti-oxidative stress Protected the response of human MSCs to 123
oxidative stress
Lemon Fruit juice Protect gut bacteria Restricted Mspl and Msp3 production and 137
reduced bile accessibility to cell membranes
Anti-gastric cancer Mediated ROS production and exhibited 73
anticancer activity
Anti-colitis Mediated bile resistance, increased gut 118
survival, and decreased CDI mortality
Citrus Fruit juice Anti-inflammation Limited inflammatory stimuli and restored 138
functional barrier by increasing the tight
junction OCLN protein
Reverse diet-induced gut Reduced plasma lipids and inflammation in 139
modifications gastrointestinal disease
Asparagus Root juice Anti-hepatocellular Inhibited tumor growth without side effects 81
cochinchinensis carcinoma
(Lour.) Merr.
Bitter melon Fruit juice Anti-oral squamous cell Reduced oral squamous cell carcinoma 111
carcinoma resistance to 5-FU by downregulating
NLRP3
Tea flowers Flower juice Anti-metastatic breast Induced mitochondrial damage, cell cycle 13
cancer arrest, and eventually lead to cancer cell
apoptosis
Garlic Stem juice Reverse high-fat diet Taken up by microglia and inhibited brain 11
induced obesity inflammation in high-fat diet (HFD) mice
Treated diseases associated with high CD98 106
expression
Turmeric Stem juice Anti-colitis Regulated the expression of pro- 10

inflammatory cytokines and antioxidant
genes, and promoted colitis resolution

(continued on next page)
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Table 2 (continued)

Source Sample Application Biological function Ref.
Ginger Rhizome juice, root juice  Anti-inflammation Internalized by intestine cells, and 60
counteract LPS-induced inflammation by
downregulating NF-«B, IL-6, IL-8, and
TNF-« expression
Anti-inflammation Inhibited NLRP3 inflammasome activation 115
Anti-COVID-19 Targeted SARS-CoV-2 genome to inhibit 126
SARS-CoV-2 infection
Anti-COVID-19 Induced TNF-a, IL-6, and IL-1b to promote 128
lung epithelial cell apoptosis
Prevent/treat chronic Reduced the pathogenic mechanism of 12
periodontitis Porphyromonas gingivalis
Protect the injured liver Induced the expression of detoxification/ 37
antioxidation genes in the liver and inhibited
the production of ROS
Anti-tumor Inhibited tumor growth in xenograft models 140
Honey Honey Anti-inflammation Inhibited NLRP3 inflammasome activation 98
Propolis Propolis Anti-lung cancer Exhibited high cytotoxicity against lung 141
cancer cells
Mulberry bark Bark juice Anti-colitis Conferred protection against colitis by 142
promoting Hsp70 member 8-mediated
activation of the AhR signaling pathway
Broccoli Fruit juice Anti-colitis Mediated the activation of adenosine 82
monophosphate-activated protein kinase in
DCs to prevent DCs activation
Beta vulgaris Root juice Anti-aging Promoted angiogenesis and the anti-aging 16
and anti-scarring abilities of fibroblasts
Corn Fruit juice Anti-tumor Inhibited the proliferation of colon 26 cells 15
and through TNF-« production by activation
of macrophages
Carrot Root juice Anti-oxidative Inhibited the reduction in the expression of 130
antioxidant molecules, including Nrf-2, HO-
1, and NQO-1
Shiitake mushroom Fungus Protect the injured liver Inhibited NLRP3 inflammasome activation 17
Dendropanax morbifera Leaf and stem juice Anti-melanoma Reduced melanin content and tyrosinase 50
activity in a concentration-dependent
manner
Wheat Fruit juice Wound healing Promoted the proliferation and migration of 72
endothelial cells, epithelial cells, and dermal
fibroblasts
Bhut Jolokia Fruit juice Anti-arthritis Relieved the joint swelling and pain of the 119
rat model
Calotropis gigantea Leaf juice Regulate brain nerves Facilitated the early development of 143

cytoarchitecture

BMSCs, bone marrow mesenchymal stem cells; CDI, clostridioides difficile infection; COVID-19, corona virus disease 2019; DCs, dendritic cells;
HO-1, haem oxygenase-1; ROS, reactive oxygen species; TNF-«, tumor necrosis factor c.

circulation time, tissue penetration ability and specificity of the
carrier, and the efficient release of the encapsulated material are
the keys to its anchoring to a specific tissue'’'. GFPNVs can
stably circulate in the peripheral blood of tumor-bearing mice for
5 days, and activated leukocyte membrane-modified GfPNVs can
carry doxorubicin and curcumin to precisely target breast tumors
and inflamed colon, thus inhibiting disease progression'*’.
Another study used GfPNVs encapsulated methotrexate (MTX)
to treat colitis, and the protection of PNVs significantly reduced
the side effects of MTX'?’. AvPNVs can protect indocyanine
green (ICG) from degradation and still have a retention rate of
more than 90% after 30 days of drug loading. AvPNVs contain
Cer and GlcCer (accounting for 58.53% of the total lipids), which
are responsible for maintaining the water permeability barrier.
They promote the penetration of AvPNVs penetrating the cuticle

barrier to the dermis to deliver ICG, thereby effectively inhibiting
the growth of melanoma. Therefore, compared with liposomes,
AvPNVs have better transdermal properties and are expected to
become novel noninvasive drug carriers for the treatment of skin
cancer (Fig. 6)'*. GgPNVs encapsulated mesoporous silica
nanoparticles loaded with TNF-« antibody, which ensured the
stability of the antibody in the intestine during the delivery
process, and targeted delivery to the colon. After passing through
the intestinal epithelium, the antibody is released in the lamina
propria to achieve a high accumulation of antibody in the
inflamed colon, which can effectively prevent and treat inflam-
matory bowel disease (IBD)'’?. At the same time, GgPNVs
effectively blocked the inflammation caused by the NLRP3
inflammasome and exerted a multipathway synergistic and

effective anti-colitis effect'*®.
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Table 3  Plant-derived nanovesicles as delivery carriers for disease therapeutics.
Carrier Drug Application Advantage Ref.
Cabbage miR-184, doxorubicin Tumor Low cytotoxicity, multiple functions, low production cost, and 53
high production yield
Acerola miRNA Digestive system diseases ~ Nucleic acids can be directly encapsulated without any 61
reagents and protected from acids and bases
Ginger Infliximab Colitis Stability in the gastrointestinal tract, colon-targeted delivery, 148
and high intestinal epithelium permeability
Doxorubicin Colon cancer GgPNVs have better pH-dependent drug release ability than 146
commercial liposomes
Aloe vera Indocyanine green Melanoma AvPNVs can be efficiently absorbed by melanoma cells with 14
good structure, antioxidant capacity, and stability
Grapefruit ~ Doxorubicin, curcumin ~ Tumor, colitis Production of GfPNVs is easily scaled up and the GFPNVs 149
can be coated with leukocyte membranes from an individual
Methotrexate Colitis GfPNVs are easily absorbed by intestinal macrophages and 150
improve dextran sulfate-induced colitis in mice
Curcumin Tumor GfPNVs are more stable than cationic liposomes and can 77

maintain the biological activity of curcumin

AVPNVs, aloe vera-derived PNVs; GfPNVs, grapefruit-derived PNVs; GgPNVs, ginger-derived PNVs.

7.2.2.  Delivery of genetic drugs

In plants lacking a specific immune system, RNAs are the key
defence mechanisms to help plants defend against bacteria,
fungi, and viruses, while PNVs are the main carriers to help RNA
function between plants and animals'>®. Studies have shown that
small RNAs (especially miRNAs) are easy to be encapsulated in
PNVs because of their size advantages. MiR-184 is widely
involved in biological and pathological processes such as
apoptosis and tumorigenesis. Cabex-derived PNVs encapsulated
miR-184 with little influence on potential and morphology, and
could efficiently deliver miR-184 to colon cancer cells,
increasing the level of miR in cells by 246,000-fold”*. In another
study, GFPNVs loaded with miR-18a preferentially targeted liver
macrophages, promoted their polarization to M1 macrophages,
and then produced IL-12, which stimulated liver immune cells
such as natural killer (NK) and natural killer T (NKT) cells, thus
inhibiting liver metastasis of colon cancer. This strategy can also
be applied to the treatment of liver metastases from various
cancers' . MiRNAs encapsulated by acerola fruit-derived PNVs
were hardly affected by ribonucleases, acids, and alkalis, and
obtained greater protection than those encapsulated in milk-
derived vesicles. In addition, acerola fruit-derived PNVs can
directly encapsulate nucleic acids by simply incubating them on
ice without the need for other special reagents. After oral
administration, PNVs enter the blood vessels from the intestinal
tract and reach everywhere through the blood circulation, which
is expected to become a new carrier for carrying nucleic
acids®"'**. Free siRNA-CD98 can only stay in the stomach,
while GgPNVs encapsulating siRNA-CD98 can carry it to the
stomach, ileum, and colon, and are highly retained in the colon
and ileum, reducing the expression of CD98 in the colon, thus
controlling the development of colitis and related cancer. It is
worth noting that the effective dose of GgPNVs carrying siRNA-
CD98 is approximately 10,000 times lower than that of free
siRNA-CD98'%. GfPNVs can also carry luciferase siRNA to
inhibit the expression of the luciferase reporter gene in GL26-
Luc and A549-Luc cells’’.

8. Toxicity and immunogenicity

Synthetic nanoscale delivery systems, such as liposomes'>°,
polymer nanoparticles'>’, micelles'*®, and metal nanoparticles'’
can enhance the efficacy of drug therapy and improve bioavail-
ability. However, synthetic materials will remain in the liver and
spleen in large quantities, causing systemic toxicity. To improve
bioavailability, stability, and tissue distribution; reduce toxicity;
prevent physical and chemical degradation; and prolong the action
time of drugs, scientists have turned their focus to biomimetic
DDSs, which are characterized by higher safety and lower
immunogenicity. Regarding safety, the various components in
PNVs come from cells and do not harbour any zoonotic or human
pathogens, so the immune risk in vivo is lower than that of
MEVs'*’. Compared with liposome, the cell survival rate of
colon-26 and RAW264.7 cells treated with GgPNVs for 24 h (the
highest concentration was 200 pmol/L) changed little. In vivo
experiments showed the same results, and there was almost no
difference in hepatic and renal functional parameters, white blood
cells, and red blood cells of mice in the GgPNVs and PBS-treated
group'>”. This proves that PNVs are non-toxic compared with
commercially available liposomes and have the potential to
replace them as drug delivery vehicles.

The route of administration affects the safety of PNVs in vivo.
TfPNVs activated the complement system after i.v. injection,
causing the liver and spleen to become heavier and potentially
hepatotoxic, while the organ weight, body weight, and toxicity of
the oral route group were negligible. It may be that the i.v. admin-
istration of TfPNVs triggered the immune response and induced
hepatotoxicity, while the oral TfPNVs were degraded by the
gastrointestinal tract, which was not retained by filter organs, and
the immunogenicity was extremely low'*. On the contrary, AVPNVs
were not toxic to red blood cells after i.v. injection, and the results of
tissue sections of mice showed that there was no obvious damage to
various organ'®. Customized experiments tend to have clear ob-
jectives and narrow research scope. The challenges related to
biosafety and toxicity of different drug delivery routes and unknown
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bility for cancer therapy. Reprinted with permission from Ref. 14. Copyright © 2021 BioMed Central.

bioactive components of PNVs are still incomplete, which repre-
sents a valuable field related to human health.

9. Clinical trials

Currently, relevant clinical experiments have proven the applica-
tion value of PNVs'®’. A study used grape-derived PNVs as anti-
inflammatory agents to prevent oral mucositis during radiotherapy
and chemotherapy in patients with head and neck tumors, and
evaluated their effects on cytokine production and tumor-related
immune responses in patients. Sixty subjects were given daily

oral administration of grape-derived PNVs for 35 days to assess
their efficacy. The results of phase I clinical trial were obtained in
June 2022 (ClinicalTrials.gov: NCT01668849). The drug loading
capacity of PNVs as carriers was also investigated. Taking
advantage of the strong combination of hydrophobic drugs and
exosomes, the researchers loaded curcumin into PNVs to over-
come the administration barrier of curcumin as an anti-
inflammatory agent, increase its stability and solubility, and
improve the limited bioavailability of high-dose curcumin.
Currently, the study has successfully recruited 35 subjects and is
in phase I clinical trial stage, which is expected to end by the end
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of 2022 (ClinicalTrials.gov: NCT01294072)'°'. Regrettably, a
clinical study examining GgPNVs and AvPNVs-attenuating in-
sulin resistance and chronic inflammation in patients with poly-
cystic ovary syndrome was withdrawn because the researchers left
the university before the project was approved (ClinicalTrials.gov:
NCT03493984).

10. Challenges and perspectives

Plants provide a valuable resource for drug development and have
been studied in traditional medical practice for thousands of years.
Since the role of PNVs was discovered, it became a critical and
rapidly developing field in the scientific community. PNVs carry a
variety of proteins, nucleic acids, lipids, and other plant-specific
natural chemicals, with antitumor, anti-inflammatory, wound
healing, regeneration, and antiaging properties, and they can be
used in the treatment of liver disease and COVID-19. Based on the
characteristics of wound healing, regeneration, anti-inflammation,
and antioxidation, PNVs are expected to become functional DDS
for the treatment of chronic diseases'®. In addition, the ability of
PNVs to regulate the tumor microenvironment makes it valuable
for in-depth analysis in the field of antitumor. PNVs mediate the
transboundary gene regulation of plants and animals, which en-
ables RNA in plants to survive in an active form in animals, and
can regulate the biological process of host cells. Therefore, PNVs
cannot induce the immune response of normal host cells, have
high biocompatibility and safety, and can minimize cytotoxicity.
Based on their original function, PNVs can resist the action of
digestive enzymes, protect their contents from degradation, and
deliver the active ingredients to the site of action through the
blood-brain barrier without passing through the placenta. This
feature also renders them safe to use in the treatment of diseases in
pregnant women’ ', Most significantly, PNVs are available in
abundant sources and large quantities, allowing researchers to
select suitable species from a wide range according to disease
adaptation, reducing the cost of time and capital to a certain
extent. Moreover, in addition to fresh plants, active PNVs can also
be obtained from dried or even decocted plants, which sheds light
on new sources of PNVs.

After the discovery of the function of PNVs in mediating in-
formation transfer and material exchange between species, it
speedily became the forefront of the DDSs field. In recent years,
scientists have aimed to compare the pros and cons of PNVs with
MEVs and synthetic nanoparticles to gain insight into the poten-
tial and advantages of PNVs as DDS'®. As a DDS, PNVs
currently have three modification techniques: (1) Biomolecules
are encapsulated in the lipid layer of PNVs or the nucleus, so that
the drug can safely reach the target site. (2) Biomolecules are
modified on the surface of PNVs to improve their targeting. (3)
Nanoparticles encapsulating biomolecules are loaded into PNVs
to facilitate targeted drug delivery and prevent premature leakage.
Analogous to MEVs, when PNVs used as drug carriers, the
limited drug load is also one of the key issues that limit its clinical
transformation. Membrane fusion technology is designed to give
carriers the advantages of two or more membranes to meet the
expectations of researchers for new carriers'®>'°°. Therefore, we
believe that it is feasible for PNVs to fuse with liposomes to
improve drug loading and long-circulation stability, which will be
the focus of exploration in the future. In addition, the interaction
mechanism between PNVs as drug carriers and receptor cells has
not been concluded, and the discussion of this issue should start
from the internalization mechanism and physiological and

biochemical characteristics of PNVs. Finally, the interaction be-
tween loaded drugs and innate active ingredients of PNVs has not
been reported in the literature. Before designing an effective
strategy, the contents of PNVs can be removed in advance, but it is
strongly recommended that the shape, size, and activity of the
contents be verified again after removal to ensure that the
unloading process does not affect the original properties of the
vesicle.

Scientists’ in-depth study of the role of PNVs has tapped their
potential as a therapeutic agent for the next generation of human
diseases. However, to realize its clinical transformation, we must
address unsolved problems related to sourcing, biogenesis, isola-
tion, purification, storage, and characterization. The sources of
PNVs are extensive and the cost is low, but the sources are
affected by seasons and regions. Though tissue culture technology
is a scheme to provide stable plant sources, it has not been
popularized in the existing research on PNVs. The contents of
PNVs vary greatly depending on plant parts and sources. For
example, the contents of PNVs from roots, stems, and leaves of
the same plant may vary greatly, and the antioxidant components
of PNVs from organic fruits and vegetables are significantly
higher than those from traditional agriculture'®’”®. Therefore, a
case-by-case analysis is needed and it is recommended to add
activity evaluation into the quality control system of PNVs to
ensure that more detailed and convincing data can be obtained.
The mechanism by which PNVs are sorted into various types of
vesicles has not been elucidated, for example, EXPO is one of the
formation pathways of EVs, but its biogenesis is still unknown.
The in-depth study of PNVs began later than that of MEVs, but
their isolation methods are similar. However, PNVs are more
complex and can be obtained from seeds, roots, stems, leaves,
fruits, and other parts. Therefore, PNVs often require tailor-made
pretreatment and isolation and purification methods, along with
the development of a repeatable preparation process to support
their medical applications'®’. The storage method after isolation is
also an important step in the clinical development of PNVs.
Determining how to solve the problem of the impact of cryogenic
freezing on the structure of PNVs and identify high-quality
cryoprotectants to prolong the retention time of PNVs are the
keys to efficient storage of PNVs'%. Trehalose is a commonly
used cryoprotectant for MEVs, but the types of cryoprotectants
suitable for PNVs to maintain their composition and structure
stability still need further exploration'®. Besides, MEVs still
maintain a nearly spherical shape under aerosol desiccation, but
whether this method can maintain the activity of PNV content
substances is still not verified by experiments'’’. Moreover, PNVs
do not come from biological fluid and lack specific biomarkers, so
their targeting in vivo may be worse than that of MEVs, and they
can only be endowed with targeting ability by exogenous modi-
fication'”!. However, targeted ligands increase unpredictability
while changing the distribution trend of PNVs, so the progress of
this work requires strict determination of isolation, quantification,
morphological characterization methods, and in vivo transport
pathways.

Research on PNVs is still in its infancy in the entire field of
DDSs. However, in recent years, this research has expanded to
involve molecular biology, pharmaceutics, biomedicine, mate-
rials science, and immunology, and has combined nanotech-
nology and drug delivery technology. Scientists are maximizing
the development of PNVs, accelerating the pace of their clinical
translation, and opening a new chapter in the treatment of human
diseases.
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